Introduction 1
Tomato (Solanum lycopersicum L.) is one of the most studied fleshy fruits due to its 2 great commercial interest. In this species fruit development occurs normally after fruit-3 set (changeover from the static condition of the flower ovary to the rapidly growing 4 condition of the young fruit) induced by fertilization, in two consecutive phases: an 5 active division, lasting about 7-10 d post-anthesis, and a cell expansion phase (Gillaspy 6 et al., 1993) . The ovary wall develops during fruit growth into a pericarp, while the 7 placental parenchyma fills the locular cavities with a jelly-like homogenous tissue 8 GA metabolism in plants initiates from geranylgeranyl diphosphate, which is converted 14 to ent-kaurene by the action of two consecutive cyclases (copalyldiphosphate synthase, 15 CPS, and ent-kaurene synthase, KS), followed by the action of P450 monooxygenases 16 (ent-kaurene oxidase, KO, and ent-kaurenoic acid oxidase, KAO), and of three kinds of 17 1). GA biosynthesis can occur through two parallel pathways: the non-13-21 hydroxylation, leading to GA 4 as the active GA, and the early-13-hydroxylation 22 pathway, leading to the active GA 1 (Supplementary Fig. 1 ). The latter is the main 23 metabolic pathway in tomato, although GAs from the non-13-hydroxylation pathway 24 have also been identified in tomato fruit (Fos et al., 2000) . Fruit-set in tomato depends 25 We wanted to know whether the results obtained with the synthetic auxin 2,4-D 1 were also valid for indole-3-acetic acid (IAA), an endogenous auxin in tomato (Kojima 2 et al., 2002; Varga and Bruinsma, 1976) . IAA was less efficient than 2,4-D because 3 poorer locular tissue development occurred in the first case (compare Figs 1 and 2) . We 4 used a dose of PCB (10 -5 M) (the most efficient GA biosynthesis inhibitor; Fig. 1 ) that 5 did not affect the response of unpollinated ovaries to GA 3 ( Fig. 2A ). PCB application 6 reduced both fruit-set and fruit weight of IAA-induced parthenocarpic ovaries, and its 7 effect was reversed by GA 3 application (Figs 2A, B) . Simultaneous application of IAA 8 plus GA 3 had an additive effect on fruit growth (Figs 2A and B) . of GA biosynthesis inhibitors to auxin-induced ovaries did not affect pseudoembryo 13 development (data not presented). 14 
15

Parthenocarpic fruits induced by 2,4-D contain high GA levels 16
The concentration of GA 53 , GA 44 , GA 19 , GA 20 , GA 29 , GA 1 and GA 8 , GAs from the 17 early-13-hydroxylation pathway ( Supplementary Fig. 1 ) was quantified in 10-d-old 18 pollinated, and in unpollinated ovaries treated with 2,4-D or not treated (control). 19
Unpollinated non-treated ovaries contained much lower concentrations of all 20 GAs compared to 2,4-D-treated and to pollinated ovaries (Table 1) . This agrees with a 21 qualitative report by Koshioka et al. (1994) indicating that pollination increases GA 22 content in the ovary. We found that the concentration of active GA 1 in pollinated and 23 2,4-D-induced ovaries was about 5 and 25 times higher, respectively, than in 24 unpollinated ovaries. The concentration of all GA 1 precursors (GA 53 , GA 44 that the different concentration of some GAs found between the pollinated ovaries 4 analyzed this time (Table 1 ) and previously (see Table I hydroxylation pathway) , purported substrates of GA 2-oxidases (see Supplementary Fig.  14 1), were applied to unpollinated ovaries from emasculated flowers to examine the 15 possible effect of 2,4-D on in vivo GA metabolism. For comparison purposes, 16 metabolism of all these GA substrates was also investigated in pollinated ovaries. GA 12 17 was not metabolized in untreated ovaries whereas it was converted to compounds with 18 the same retention time as GA 9 and GA 4 in 2,4-D-treated ovaries and in pollinated 19 ovaries, respectively (Fig. 3) . GA 53 was not metabolized in untreated or 2,4-D-treated 20 ovaries but, interestingly, in the case of pollinated ovaries a peak with the same 21 retention time as GA 19 /GA 44 was detected (Fig. 3) . GA 20 was metabolized to a 22 compound with the same retention time as GA 1 in untreated, 2,4-D-treated and 23 pollinated ovaries, but this metabolite was more abundant in the case of 2,4-D-induced 24 ovaries (Fig. 3) . In addition, a large peak with the same retention time as GA 29 and GA 8 25 (GA2ox metabolites of GA 20 and GA 1 , respectively) was present in untreated but not in 1 2,4-D-treated or pollinated ovaries (Fig. 3) . Finally, GA 1 was metabolized to a 2 compound with the same retention time as GA 8 in untreated, treated and pollinated 3 ovaries, but much less in the latter two cases (Fig. 3) . These results show that the high 4 content of GA 1 and its precursors in parthenocarpic 2,4-D-induced ovaries is a 5 consequence of an alteration of GA metabolism, mainly of an increase of GA 6 biosynthesis (GA20ox and GA3ox activity) and reduction of GA inactivation (GA2ox 7 activity). 8 9
Effect of 2,4-D on transcript levels of genes encoding enzymes of GA biosynthesis 10
To investigate whether the altered in vivo GA metabolism in 2,4-D-induced fruits was 11 the result of a modification of transcript activity of GA metabolism genes, we compared 12 transcript levels of SlCPS, SlGA20ox1, -2 and -3, and SlGA3ox1 and -2, which encode 13 three kinds of GA biosynthesis enzymes (Rebers et al., 1999) (Accession number EU652334), whose expression product was shown to metabolize 18 GA 12 and GA 53 to putative GA 9 and GA 20 , respectively (data not presented), was also 19 investigated. 20
Expression of SlGPS was relatively high and constant in unpollinated ovaries at 21 all stages, and it was not affected by 2,4-D application (Fig. 4A) . Expression of SlCPS 22 was detected in non-treated ovaries before anthesis (d-3) but it was very low later on 23
(from 0 to 20 days post anthesis, dpa). In contrast, SlCPS transcript levels in 2,4-D 24 treated fruits did not decrease after the time equivalent to anthesis (d0) and therefore 25 were much higher than in non-treated ovaries between d5 and d20. SlCPS transcripts 1 were present both in pericarp and locular gel of 10-and 20-d-old 2,4-D-induced fruits 2 (Fig. 4A) . 3 Some expression of SlGA20ox1, -2, -3 and -4 was detected in ovaries before 4 anthesis (d-3), but transcripts were essentially undetected in unpollinated non-treated 5 ovaries between d0 and d20 (Fig. 4B) . In contrast, SlGA20ox1, -2 and -3 transcript 6 levels were high (particularly those of SlGA20ox1) in the entire fruit as well as in the 7 pericarp and locular gel of 2,4-D-induced ovaries 5 and 10 d after hormone application 8 (Fig. 4B) . At 20 d after 2,4-D application transcript contents were also high in locular 9 gel. Very low expression of SlGA20ox4 was detected in any ovary tissue at any 10 developmental stage between d5 and d20 (Fig. 4B) . 11
SlGA3ox1 transcripts were at a relatively high level in unpollinated ovaries 12 before anthesis (d-3), decreased at anthesis, and were very low between d5 and d20 13 (Fig. 4D ). The expression of SlGA3ox1 was much higher in 2,4-D-induced than in non-14 induced ovaries between d5 and d20, transcripts being concentrated mostly in the 15 locular gel (Fig. 4D ). In the case of SlGA3ox2, expression was detected before anthesis 16 (at a relatively high level) and at d0, but not in untreated ovaries afterwards. Expression 17 of SlGA3ox2 was detected in 2,4-D-treated ovaries at d5, but much less at later stages 18 (Fig. 4D) . (Fig. 4C) . 7
In the case of SlGA2ox1 transcript content was very low at d5 but increased to a very 8 high level 10 d after treatment (Fig. 4C ). SlGA2ox3 transcript content was always low, 9 as in untreated ovaries (Fig. 4C ). SlGA2ox4 transcript contents in 2,4-D induced fruits 10 were similar to those of untreated ovaries of a similar age (Fig. 4C ). In the case of 11
SlGA2ox5 transcript levels were even higher in treated than in non-treated ovaries at d5 12 and d10 (Fig. 4C) . The results presented here show that parthenocarpic growth in tomato induced by auxin 23 application is mediated by GAs. This conclusion was supported by the observation that 24 fruit-set and growth of unpollinated ovaries induced by 2,4-D or IAA was negated or 25 significantly reduced in the presence of inhibitors of GA biosynthesis (mainly PCB), 1 and that the effect of these inhibitors was reversed by GA 3 application (Figs 1 and 2) . 2
The absence of complete negation of fruit-set by PCB in the case of 2,4-D, compared to 3 the almost 100% efficiency in the case of IAA, was probably due to the much higher 4 activity of the synthetic auxin, and to the relatively low concentration of PCB used in 5 the experiments to prevent negative side effects of the inhibitor. In the case of pollinated 6 ovaries, containing only endogenous IAA, PCB was fully efficient probably because 7
IAA concentration was lower than that present in IAA treated ovaries. GA and PCB, to get direct evidence on their role in tomato fruit-set. 15 The concentration of GAs in unpollinated non-induced ovaries was very low or 16 undetected compared to pollinated ovaries (Table 1) Table 1 ). The levels of 21 GA 1 precursors were similar in 2,4-D-induced and in pollinated fruits, and those of GA 1 22 and GA 8 were even higher in the former (Table 1) , in agreement with our hypothesis 23 that the effect of 2,4-D on tomato fruit-set is mediated by GAs through enhancement of 24
GA biosynthesis. 25
In vivo metabolism analysis showed that 2,4-D altered several aspects of GA 1 metabolism in unpollinated ovaries. It was quite clear that 2,4-D induced the conversion 2 of GA 12 to putative GA 9 , probably due to higher GA20ox activity (Fig. 3), indicating  3 that the non-13-hydroxylation pathway was active. In the case of pollinated ovaries 4 GA 12 was further metabolized to putative GA 4 . Curiously, GA 53 metabolism was not 5 induced by 2,4-D in spite of the fact that the early-13-hydroxylation-pathway is 6 considered to be the main one in tomato (Fos et al., 2000) , but it was metabolized to 7 putative GA 44/19 in pollinated ovaries (Fig. 3) . This suggests that the enhanced GA20ox 8 activity in pollinated ovaries may be different to that in auxin-induced ovaries (where 9 no developing seeds are present). Thus, the possible importance of the non-13-10 hydroxylation pathway should be further investigated, both in pollinated and in auxin-11 induced fruit-set. The use of GA 20 and GA 1 as substrates of in vivo metabolism also 12
showed that 2,4-D decreased GA2ox activity in both cases (Fig. 3) . In addition, the 13 higher production of GA 1 from GA 20 as a substrate in 2,4-D-induced ovaries suggests 14 that auxin may enhance GA3ox activity. This hypothesis was further supported by the 15 observation that 2,4-D increased transcript levels of SlGA3ox1 in unpollinated-treated 16 ovaries (Fig. 4D) . 17 The increase of GA content in 2,4-D-induced growing fruits was probably the 18 result of the effect of this hormone on higher transcription of genes encoding CPS, 19
GA20ox1, -2 and -3, in addition to GA3ox1 (GA biosynthetic enzymes) (Fig. 4) . CPS 20 (formerly ent-kaurene synthase A) activity has been shown to be present in extracts of 21 tomato fruits (Bensen and Zeevaart, 1990), and the higher transcript levels of SlCPS 22
suggests that early biosynthetic enzymes may contribute to the increase of GA content. In summary, we have shown that the effect of auxin on parthenocarpic tomato 14 fruit-set is mediated, at least partially, by GAs. Auxins, probably synthesized in the 15 developing seeds following pollination and ovule fertilization, increase active GA 16 content in the fruit by upregulating genes encoding enzymes of GA biosynthesis (CPS, 17
GA20ox and GA3ox) and down-regulating at least one gene (GA2ox2) encoding GA 18 inactivating enzymes, and thus inducing fruit-set (Fig. 6 ). This effect of auxin may be 19 carried out through Aux/IAA and/or ARF genes whose expression was altered by auxin 20 application to unpollinated ovaries. Auxins have probably other additional effects on 21 tomato fruit growth, independent of GAs (Fig. 6 ). This may explain why the 22 morphology of GA-induced fruit (with poor locular tissue development) is different to 23 those induced by pollination and auxin (Serrani et al., 2007a) . This hypothesis is also 24 20 supported by the observation that simultaneous application of GA 3 and IAA had an 1 additive effect on fruit growth (Fig. 2) . aliquots (1 to 5 g fresh weight) of frozen material were extracted with 80% methanol 12 and, after removing the organic phase, the water fraction was partitioned against ethyl 13 acetate and purified by QAE-Sephadex chromatography and C 18 cartridges. The GAs 14 where then separated by reverse phase HPLC chromatography (4-µm C 18 the separation of GAs after HPLC using a 10 to 100% methanol gradient containing 50 22 µl acetic acid per litre and taking 1 ml fractions. Quantification was carried out by GC-23 SIM using a gas chromatograph (model 5890, Hewlett-Packard, Palo Alto, CA) coupled 24 22 to a mass-selective detector (model 5971A, Hewlett-Packard). The concentrations of 1 GAs in the extracts were determined using the calibration curves methodology. Table 1) , Power SYBR Green PCR master mix and a 7500 Fast Real-5
Time PCR System (Applied Biosystems). Absolute quantification was carried out using 6 external standard curves, as described elsewhere (Olmos et al., 2005) , with minor 7 modifications. Briefly, short PCR fragments (80 to 200 bp) of the sequence of interest 8 were obtained using the specific primers indicated in Supplementary Table 1 (in this  9 case each forward primer also contained the T7 promoter sequence 5'-10 TAATACGACTCACTATAGGG-3') and cDNA from specific clones for each analyzed 11 gene. These PCR fragments, containing the T7 promoter, were purified from a 3% 12 agarose gel using a QIAquick gel extraction kit (QIAGEN), and transcribed in vitro RT-PCR analysis of genes from GA metabolism, and auxin-and GA-response of 2
SlGID1 (BN001197), and SlDELLA (AY269087). 
